ABSTRACT The morphologies and velocity of ionic wind induced by direct-current (DC) corona discharge were experimentally measured. DC voltage was applied to short air gaps of high-voltage electrode-needle electrode and grounding electrode-net electrode to generate coronas, so as to allow the generation of ionic wind induced by corona discharge. The purpose of the study is to optimise the multi-needle-to-net electrode structure to improve the velocity of the ionic wind and keep it in a relatively stable state. For this purpose, the influences of various parameters on the velocity of the ionic wind were explored. The research results showed that the side length of meshes and the distribution mode of needles significantly affected the velocity of the ionic wind. The maximum velocity of the ionic wind, when the side length of meshes was 0.85 mm was 3 and 1.28 times those when the side lengths of the meshes were 2 and 0.425 mm, respectively. This indicated that there was an optimal side length that can maximise the velocity of the ionic wind. Increasing the number of needles and optimising the distribution mode of needles can effectively improve the velocity, that is, the improvement of the number and distribution uniformity of needles was conducive to increase the velocity of the ionic wind. Increasing the voltage amplitude can increase the velocity of the ionic wind, however, it was possible that noise was significant and in this case, the corresponding voltage cannot be considered as the working voltage of the ionic wind generator.
I. INTRODUCTION
Ionic wind induced by corona discharge is generated according to the following process: in a stable high-voltage electric field, while applying a high voltage between two electrodes with greatly different curvatures, air near the electrode with the larger curvature is ionised to generate an electron avalanche if the applied voltage reaches the corona inception voltage; furthermore, the electrons and positive ions move to two opposite electrodes under the effect of the electric field force so as to drive the motion of air molecules, thus forming the ionic wind [1] - [4] . The generation of the ionic wind does not rely on mechanical rotating parts and offers the advantages of low power consumption and low noise emission, therefore, the ionic wind has become a novel method of chip cooling, which can improve heat-dissipation
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efficiency by 250% compared with traditional heat dissipation methods [5] . Ionic wind shows potential for application in chip cooling, pneumatic flow control, etc. The ionic wind fan, radiator, bar, and machine have been applied to various industries including electronics, plastic, silk-screen, prepress systems, and picture processing. The benefits of this research are thus apparent.
In 1709, Hauksbee first discovered the phenomenon of the ionic wind [6] . In 1899, through experiments, Chattock found the relationships of the ionic wind with voltage and current and therefore first explained the characteristics of the ionic wind theoretically [7] . In 1986, Sigmond proposed a theoretical model for the voltage and current of a needle-to-plate corona discharge system, which provides a theoretical basis for subsequent research on the ionic wind [8] . Zou et al. [9] and Bian et al. [10] summarised present measurement method for atmospheric ion mobilities in a DC corona discharge and analysed the impact of fluctuations of the measured ionized VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ field and ion current density on the results of ion mobilities. Wang et al. [11] summarised various aspects including the characteristics of, and mechanism driving, the flow field of ionic wind. Moreau and Touchard [12] and Huang [13] found that the positive DC power supply was more suitable for the ionic wind system, and analyzed the voltage polarity and gap spacing, and discovered that in the same case, the velocity and efficiency of ionic wind generated by the needle-net structure were higher than that of the needle-ring structure. On this basis, the optimized arrangement of mesh size and electrode spacing could obtain the optimal solution of the experiment. Owesnek [14] analyzed that the airflow generated among each needle would affect each other, which resulted in an optimal electrode density for the distribution of the needle electrodes. Previous studies on the ionic wind by scholars have shown that the needle-net electrode can generate higher ionic wind velocity and heat dissipation efficiency. To improve the efficiency of the ionic wind, we set a number of parallel needle electrodes in a certain range to emit ionic wind. At the same time, considering that in order to reduce the obstruction to ionic wind, the low-voltage side electrode was replaced with the net electrode with good ventilation. So the authors used a multi-needle-to-net structure in this experiment to try to generate a higher velocity, and optimized the arrangement of the needles, and the side length of the net electrode. The influence of voltage amplitude on ionic wind velocity was explored under the positive HVDC power. A simulation model was built with COMOL Multiphysics to compare the movement of positive and negative ions and the shape of the ionic wind with the schlieren image obtained from the test. The experimental results are proved to be correct. By using a Z-shaped reflective schlieren system and a highspeed camera system, the development track and velocity of the ionic wind generated in a multi-needle-to-net under direct-current (DC) voltage were observed. In the test, based on a multi-needle-to-net electrode, the influences of three variables on the velocity of the ionic wind and the morphologies of the flow field were investigated by changing the three variables (side length of meshes of net electrodes, distribution mode of needle electrodes, and voltage amplitude). The results were expected to provide a basis for optimisation and design of the ionic wind generator in industrial production.
II. GENERATION OF THE IONIC WIND
The motion of ionic wind mainly relies on the effect of electric field force and the electric field is determined by the Poisson's equation.
where ϕ is the electric potential, q the electric charge density, and ε the electric permittivity (= 8.8542 × 10 −12 F/m in the air). The intensity of the electric field E is given as:
The charge is controlled by the following transport equation which represents current continuity.
where µ E is the ionic mobility (=1.43×10 −4 m 2 /V s for air), v the ionic wind velocity, and D the coefficient of ionic diffusion. The diffusion of charge is usually much lower than the drift and therefore negligible and the fluid convection effect can also be negligible if no strong enforced bulk flow appears in the field. Since the velocity of the ionic wind is low, incompressible gas flow is assumed. The conservation equations for the mass, momentum and energy are expressed as:
where ρ is the fluid density, P the pressure, T the temperature, µ the viscosity, k the thermal conductivity, C P the specific heat capacity, and σ E the electrical conductivity.
In the ionic wind, there is no consideration of buoyancy and the density ρ is constant. The last term in the energy equation represents the Joule heating effect, which is usually insignificant. The body force appearing in the momentum equation represents the EHD force.
The first term on the right is the Coulomb force resulting from free charges in the ionic wind. The second term represents the dielectrophoretic force due to the non-uniform distribution of permittivity. The third term is the electrostrictive force due to the variation of permittivity caused by the ionic wind density variation. The last two terms can be ignored in single-phase flows-ionic wind. Thus, the Coulomb force is considered to be the main reason causing the movement of charges in the zone where the ionic wind appears, that is [16] :
III. OBSERVATION PLATFORM OF THE IONIC WIND
The test platform for the ionic wind is mainly composed of three parts: an ionic wind generator; a high-speed camera system and a measuring system for the velocity of the ionic wind.
The ionic wind generator comprised three parts: a DC power supply, multi-needle-to-net electrodes, and an air gap. As for the DC power supply under a high voltage, the HT2332 programmable DC power supply produced by Beijing Henki was applied to generate and maintain the electric field. HT2332 was a high precision, high stability, low noise linear programmable DC power supply with independent three-channel output. 2 bit D/A converter to control output voltage and current By using the interference principle of coherent light, schlieren images featured the change of flow field of the zone to be measured as light and dark stripes on the optical screen, thus capturing the transparent flow field which is otherwise difficult to observe [17] - [19] . The high-speed shooting system consists of a Z-shaped reflective schlieren and a Fastec Imaging IL5 high-speed camera, which had full HD frame rates 1000 fps. The height of the schlieren apparatus could be adjusted, and the maximum diameter of the observed flow field is 300 mm, which is limited by the dimension of the parabolic mirror. The structure of the Z-shaped reflective schlieren images used here was shown in Fig 1. During the test, the high-speed camera always synchronously photographed images and the images captured by the camera were sent to a computer through signal lines. Based on the Fastec FasMotion software in the computer, the image from the high-speed camera could be received. By applying related settings used for storage, 300 images before triggering, and 700 images after triggering, were stored, in which each image was named according to shooting time. The optical path and its mechanism were described as follows: the light emitted from the light source reached the parabolic mirror 1 through a slit. Afterwards, the parallel light was reflected to the parabolic mirror 2 through the parabolic mirror 1, in which the equivalent focus of the parabolic mirror 1 coincided with the slit and the parabolic mirror 2 coincided with the knife edge. A parallel light crossed, which completely covered the flow field to be measured, was formed between the parabolic mirror 1 and the parabolic mirror 2. Flow-field wave motions converged at the knife edge to form images at the high speed camera.
The ionic wind generator was of multi-needle-to-net form, in which needle electrodes were made of stainless steel, with a length of 50 mm, and the radius of curvature of needle tip was less than 0.10µm. Moreover, the diameter of the entire net electrode was 40 mm and the side length of meshes included 2, 0.85, and 0.425 mm, as shown in Fig 2(a) . The ionic wind velocity was measured by placing a Smart Sensor split type anemometer 10 mm directly under the net electrode. Its measurement range was 0.3∼45 m/s, the resolution was 0.001 m/s, and the error was within 3%. Due to the strong electric field between the emitter and charge receiving electrode, the particles including the ions and neutral moleculars were almost all collected by the anemometer. The gap spacing was 30 mm and the ambient temperature was 25 • C. The relative humidity was 40% and the velocity of background flow-field was less than 0.01m/s.
IV. FACTORS AFFECTING THE IONIC WIND IN A MULTI-NEEDLE-TO-NET ELECTRODE STRUCTURE A. DESIGN OF A MULTI-NEEDLE-TO-NET ELECTRODE STRUCTURE
A needle electrode was vertically placed in each mesh. By changing the location, and number, of needle electrodes, the morphologies and velocity of the ionic wind were regulated. The middle hollow part of the disc can improve the aerodynamic performance of the ionic wind generator. The grounding net electrode structure appeared as a circular net whose diameter was slightly larger than that of the needle supporter supporting multi-needle electrode. In the test, the net electrodes with side lengths of meshes of 2, 0.85, and 0.425 mm were designed to explore the influence of the side length of meshes on performances of the ionic wind generator (Fig 2(a) ).
The multi-needle-to-net electrodes were all made of stainless steel, and were separately bolted to the conductive supporter. The height of the supporter can thus be adjusted. The needle electrode was connected to the end of the DC power supply with a high voltage through power lines while the net electrode was grounded through grounding lines. When constantly applying a DC voltage, the ionic wind flowing along the axis of the multi-needle-to-net electrode structure was generated. VOLUME 7, 2019
B. THE INFLUENCE OF THE SIDE LENGTH OF MESHES OF NET ELECTRODES ON THE IONIC WIND
To explore the influence of the side length of meshes of net electrodes on the working performances of the ionic wind generator, various parameters were set as follows: the gap spacing G was 30 mm; the diameter of entire net electrode D was 40 mm; the shape of net electrodes was shown as Fig 2(a) ; the distribution of needle electrodes was displayed in Fig 2(b) (The red dots indicated the position where the needle electrodes were placed). Owing to the velocity of the ionic wind under positive DC voltage being greater than nagetive DC voltage under the same voltage amplitude, the positive DC voltage was used as the power supply of the ionic wind generator [20] . The corona discharge process when constantly increasing the DC voltage amplitude in different side lengths of meshes is recorded in Table As shown in Table 1 the ionic wind in the case of three side lengths of meshes are shown, in descending order, as V i0.85 , V i0.425 , and V i2 . It can be inferred that there was the optimal side length of meshes under certain conditions. Too large, or too small, a mesh side length inhibits the development of the ionic wind. On condition that the gap spacing was 30 mm, the entire diameter of net electrodes D was 40 mm and distribution 5 (shown in Fig.5e ) was applied, the largest velocity of the ionic wind can be attained under the same voltage amplitude when using the net electrodes with the side length of meshes of 0.85 mm. Being restricted by experimental conditions, only three net electrodes with different side lengths of meshes were prepared. In subsequent tests, it was feasible to make multiple net electrodes with different side lengths of meshes for further research. 
C. THE INFLUENCE OF THE NUMBER AND DISTRIBUTION OF NEEDLE ELECTRODES ONTHE IONIC WIND
To investigate the influence of the number and distribution mode of needle electrodes on performances of the ionic wind generator, the diameter of the entire net electrodes D = 40 mm, the side length of meshes d = 0.85 mm, and the gap spacing G = 70 mm. In addition, the numbers of needle electrodes were separately set to 12, 21, and 32, giving three types of schemes. Moreover, when the numbers of needle electrodes were set as 12 and 21, two distribution modes of needle electrodes were separately designed. As a result, there were five distributions: red dots denote the locations of needle electrodes in Fig.5 . Table 2 shows the statistical result of the velocities of the ionic wind under five distribution modes of needle electrodes obtained through multiple tests. By summarising the data in Table 2 , the change in velocity of the ionic wind under different distributions of needle electrodes with voltage amplitude is attained (Fig 6) . According to the figure, it can be seen that increasing the number of needle electrodes can accelerate the velocity of the ionic wind. It was supposed that the displacement current I in the air gap remained unchanged, charges were generated at the tip of the needle electrodes, and the charge density of the ionic wind generated due to multiple needle electrodes can be expressed as equation (9) [21] .
where, A, n, µ, and E denote the area of the tip of needle electrodes, the number of needle electrodes, charge mobility, and electric field intensity at the tip of needle electrodes, respectively. In air, the following result can be obtained according to Peek's law:
where, R refers to the radius of curvature of the needle tip (unit: m). According to equation (10) , it can be seen that the growth of the number of needle electrodes led to the increase of the number of charges between needle and net electrodes. The increasing inter-electrode charges were accumulated in the vicinity of needle electrodes. Moreover, under the effect of a downwards electric field, the positive ions moved to net electrodes, thus driving more neutral molecules towards the net electrode. Additionally, given a predetermined number of needle electrodes, optimising the distribution thereof can also increase the velocity of the ionic wind. The more uniform the needle electrode distribution, the larger the ionic wind velocity. It can be also seen that under the distribution mode in distribution 5, the velocity of the ionic wind was the largest and then remained constant with increasing voltage amplitude. The result showed that the ionic wind generator with the uniform distribution of needle electrodes can inhibit the growth of external voltage to some extent and retain the stability of wind velocity, thus obtaining a wide zone with a uniform flow field where the ionic wind acted thereon. It can be seen that optimising the structure of needle electrodes can greatly increase the velocity of the ionic wind.
D. THE INFLUENCE OF VOLTAGE AMPLITUDE ON THE IONIC WIND IN MULTI-NEEDLE-TO-NET ELECTRODE COUPLES
To investigate the influence of voltage on performances of the ionic wind generator in a multi-needle-to-net electrode structure, a positive DC power supply was selected as the voltage source. Moreover, the gap spacing G was 80 mm and the side length of the meshes was 0.85 mm. Additionally, 32 needle electrodes were applied, which were distributed according to distribution 5. The schlieren photographs, taken as the voltage was increasing, were recorded. Fig 7 shows the images of the ionic wind when the voltages were 20, 40, 53, and 58 kV, respectively. The aforementioned phenomena revealed that the growth of voltage amplitude can directly influence the velocity of ionic wind. Within a certain voltage range, a high voltage amplitude was conducive to formation of ionic wind and therefore the velocity of the ionic wind increased with the voltage amplitude. The reason was that Coulomb force applied to the ions increased with the externally applied DC voltage so as to increase the velocity, thus greatly rising movement velocities of neutral molecules and positive ions: however, with the voltage increasing, the collisions of molecules and positive ions were aggravated with the increasing velocity. As a result, the noise induced by coronal discharge was likely to be loud. Therefore, it was inappropriate to apply the corresponding voltage amplitude in this context as the working voltage of the ionic wind generator.
Hence, it was necessary to determine a voltage amplitude, under which there was low noise induced by coronal discharge and a high velocity of ionic wind, as the working voltage of the ionic wind generator.
E. MOVEMENT OF IONS UNDER POSITIVE DC VOLTAGE
In order to further analyze the morphology of ionic wind, the motion of charged particles in the gap is simulated by finite element method based on COMSOL Multiphysics. The coupling model consists of electrostatic field module and dilute transfer module. As an example, the needle electrodes composed of three needles and the net electrode whose side length= 0.85 mm were used. The positive DC voltage was applied in this experiment. For the electrostatic field module, three needles-net electrode was adopted to form the initial electric field. Three needle electrodes were applied with 55kV DC voltage, and the net electrode was grounded. Meanwhile, a circular area with diameter of 0.1 mm was set at the needle tip to simply simulate the corona discharge. The Poisson equation was used to calculate the electric field distribution in the gap.
For the dilute transfer module, the generation of charged particles is not only related to ionization and recombination in the air, but also to the generation of ion pairs in the corona region. The concentration of charged particles in space was calculated based on the drift diffusion equation as shown in equation (11):
where, c 1 and c 2 are the concentration of positive and negative charges in the gap respectively. The producing rate of particle concentration with time is determined by multiple factors. The first term (R) of the equation symbolizes the particle concentration generated by air ionization and corona discharge. The second, third and fourth terms respectively represent the density values reduced by gradient diffusion, positive and negative ion recombination, and electric field migration. Setting the needles and the net electrode as the inlet and outlet of charged particles, the time-varying concentration distribution of charged particles can be calculated. In addition, the background electric field generated by charged particles is fed back to the electrostatic field module in real time through space charge coupling. Based on the finite model, We calculate the transient state of the above model with time as the main variable, and get the distribution change of charged particle density in the gap.
As can be seen from Figs. 9 and 10, in the ionic wind, the negative ions are mainly concentrated in a small area of corona near the needle electrodes. Because a positive voltage was applied to the needle electrodes, the negative ions were basically absorbed as soon as they are generated. Over time, positive ions were ejected from the needle electrodes, suggesting that the ionic wind was ejected from the more curvature electrode and moved toward the less curvature electrode. At T=1 ms, the corona radius was small and spherical. With the further development of corona, under the electric field, the positive ions gradually moved downward, and the corona area became an ellipse instead of a sphere at T=3 ms, and finally moved to the net electrode at T=9 ms. In this process, there was always a trend: in the middle of the ionic wind channel, the positive ion density was the largest, and the positive ion density decreased outward successively. And the closer the ionic wind channel was to the needle electrode, the higher the positive ion density was, and there was no positive ion concentration near the net electrode. Moreover, the maximum concentration of positive ions occurs in the first third of the gap (near the needle electrodes), where the positive ion density was almost twice as much as that near the net electrode.
As can be seen from Fig.11 , the width of the ionic wind channel keeps increasing with the direction away from the needle electrodes, and the distance between channels keeps decreasing, that is, the ionic wind channels composed of positive ions tend to merge with the direction away from the needle electrode. The concentration of charged particles obtained from the simulation results is similar to the morphological characteristics of the ionic wind obtained from the experiment. 
V. CONCLUSION
The nature of the motion and factors influencing ionic wind within a multi-needle-to-net electrode structure were investigated. We studied the motion of the positive and negative ions and the ionic wind movement trend under positive voltage. Moreover, the influences of the side length of meshes of net electrodes, distribution mode of needle electrodes, and voltage amplitude on the morphologies and velocity of the ionic wind were also analysed. Specific conclusions are drawn as follows:
1) Negative ions are mainly concentrated in the needle electrode (emitter), the positive ions moved towards the mesh electrode (charge receiving electrode) under the drive of the electric field. And the distribution of positive ions and the ionic wind form are very similar, so we could conclude that under the positive DC voltage, the ionic wind is formed by the positive ions driving the neutral molecules. And there is no charge buildup near the net electrode. 2) On condition of having the same side length of meshes of net electrodes, inception, increasing velocity of the ionic wind, noise generation, and noise growth induced by coronal discharge, and breakdown of the air gap, successively occurred when increasing the applied voltage. Under certain conditions, there was an optimal side length of meshes: too large, or too small, a mesh side length inhibited the development of the ionic wind. 3) Increasing the number of needle electrodes can increase the velocity of the ionic wind. Additionally, when having a determined number of needle electrodes, optimising the distribution of needle electrodes can also increase the velocity of the ionic wind. The more uniform the needle electrode distribution, the greater the velocity of the ionic wind. 4) Within a certain voltage range, a high voltage amplitude was conducive to the formation of the ionic wind, therefore, the velocity of the ionic wind increased with increasing voltage amplitude, except when the noise induced by coronal discharge was too loud.
5) It can be seen from the simulation results that the shape of the ionic wind can fit well with the Dilute transfer module and electrostatic field module, indicating that the ionic wind has less composition of plasma and is a weakly coupled movement of dispersed materials. 
